By taking the mesh of the fluid domain as a virtual solid and using the explicit integration scheme to solve the solid dynamics, a deforming mesh method is proposed for the simulation of fluid-structure interaction. The deforming mesh method with an unsteady turbulence model has been implemented into a finite element code derived from slightly compressible flow formulation and an explicit integration scheme. Due to the explicit integration scheme used for the dynamics of both deforming mesh and fluid flow, it is easy to perform parallel computation for a large-scale fluid-structure interaction problem. After the validation of this approach on the flow induced vibration of the flow past a circular cylinder, the unsteady fluid-structure interaction of a heat exchangertube row in crossflow is demonstrated.
Introduction
The fluid-structure interaction, the unsteady fluid flow making a structure move or deform and the motion of the structure changing the fluid flow, is an important topic in many engineering fields, for example, the flutter of aircraft's wings and the flow induced vibration of tube bundle in heat exchangers. To have a good numerical simulation of the fluid structure interaction, a sufficiently accurate model to solve the unsteady flow field, especially for turbulent flow, and an efficiency method to update the grid/mesh of fluid domain due to the motion of boundaries are of great concern.
A turbulent flow must be unsteady. To the knowledge of the author, all the major turbulence models, including the large eddy simulation, are not based on the unsteady flow, i.e., once the strain rate exists, the turbulence is computed even though the flow field is steady or without time variation. For example, the unwanted turbulence is computed on the leading edge of flow past an object. In this paper, an unsteady turbulence model where the turbulence is generated from the computed unsteady flow field is presented.
On updating the mesh with moving boundary, re-generation of the mesh with respect to some specified geometric parameters is popularly adopted [1] [2] [3] ; however, difficulty is encountered when the boundary was not part of a rigid body. A dynamic mesh method [4] with network of artificial springs for the mesh has been developed for the large-scale fluid-structure interactions. However, a large number of linear algebra equations are formed by the implicit time integration scheme of the fluid dynamics or the static analysis of the spring network deformation, and they prove costly when solved using parallel computation. By taking the mesh of the fluid domain as a virtual solid and using the explicit integration scheme to solve the solid dynamics, a deforming mesh method is proposed for the simulation of fluid-structure interaction.
Numerical methods
In an unsteady flow such as a flow-induced vibration or noise, the propagation of pressure wave exists and the sound speed or the compressibility of the fluid must be considered. The present numerical method for fluid-structure interaction is based on a slightly compressible flow formulation. The continuity equation can be written, instead of the density, in terms of the pressure as
where p is pressure and i u represents the velocity vector. 
In the above, ij γ is the absolute value of the variation rate of the strain rate 2 / ) (
The moving grid is taken as a solid with the same density and bulk modulus of the fluid, and governed by 
where [ ] M is the mass matrix; { } U R , { } R Γ and { } W R are the corresponding unbalanced or resultant nodal residuals. By using the explicit time integration scheme and the lumped, therefore diagonal, mass matrix, the above equations are efficient to be solved and easy to be implemented into parallel computation for a large scale fluid-structure interaction computation.
It is noticed that the pressure is not a nodal variable but is a derived quantity in an element solved by eqn. (1) . Since that the wave propagation distance ( C t = ∆ ) during a time increment is in usual much less than the element width l and numerical divergence is happened by this numerical scheme, a pressure damping ( ( / 1) p l C t = ∆ − ) is added in solving the momentum equations. In order to prevent using an element that is too thin, a slipping boundary condition
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is used where the nodes are put on one quarter of element thickness away from the wall and the corresponding shear stresses due to viscosity are applied.
Examples
Two examples have been carried out to demonstrate the accuracy and versatility of the numerical method for flow induced vibration. One is the typical flow past a single flexible circular cylinder, the other is the tube row in crossflow. The computation domain and the local mesh near cylinder.
The flow past a single flexible circular cylinder
When the cylinder was fixed, the variations of computed drag (X) and lift (Y) forces are plotted in Figure 2 . The free stream velocity is risen up during the time from 0. to 0.01 and so the drag force is. From the lift force, the flow field is symmetric for two vortices and the lift is almost vanished at the beginning. It gradually changes to be non-symmetric or shaking vortex street shown in Figure  3 and the lift force comes up before about Time=0.15. After being in vortex shaking, the averaged drag, root mean squared lift and the shaking frequency have a good agreement with experiments [5] and the non-perfect periodic variation shows the chaotic behavior of the turbulent flow. The computed distribution of turbulence strain rate at an instant as displayed in Figure 4 shows quite similar to that taken from shadowgraph in Figure 5 [6]. The multiple-spark shadowgraph of turbulence.
When the circular cylinder was flexible, it is supported by a spring and a damper on both X and Y directions in this two-dimensional model. In order to show significant flow induced vibration, the resonance frequency of the cylinder is designed to match the shaking frequency of vortex street. Therefore, the mass of the cylinder (M), the spring constant (K) and a small damping (C) are given in a consistent unit as 7.782e-4, 388.8 and 0.00118, respectively. Figure 6 shows the deformed mesh in significant displacement and the nodal velocity at an instant. It is interesting to find that the nodal velocities of mesh are not all inphase due to the deforming mesh method being used. As shown in Figure 7 , the computed lateral oscillation begins to be amplified as expected due to the resonance after the vortex shaking occurs. The amplifying lateral oscillation makes the averaged drag force slightly increasing as given in Figure 8 which agrees with the observation in experiments [5] . The deformed mesh and the nodal velocities of mesh at an instant. Figure 9 shows the computation domain and the local mesh of the tube row in crossflow [5] considered. The diameter of tube is 0.0159m. The ratio of pitch to diameter is 1.35. In unit length (m), the mass of tube is 3.861 kg, the equivalent spring constant and damping are given as 103.834 N/m and 57.14 kg/sec, respectively in the two-dimensional model. The density of fluid is 1000 kg/m 3 and its dynamic viscosity is 0.001 N-sec/m 2 . A flow rate to have the average velocity 1.5 m/sec in the gaps between the tubes is given. The computation domain of the tube row in crossflow.
The tube row in crossflow
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Figure 10:
The snapshot of velocity field for the tube row in crossflow. 
Concluding remarks
The proposed deforming mesh with the unsteady turbulence model shows good results on the fluid-structure interaction of the flow past a cylinder or tube row. The present method has been extended to three-dimensional flow fields and the parallel computation. Further development to free surface flow of material processing, such as the die coating, will be reported in the future.
